Study Design. Determination of damage to a lumbar disc caused by lifting using a poroelastic finite element model study.
Low back disorders (LBDs) affect up to 47% of workers younger than 45 years of age and who perform physically demanding jobs. [1] [2] [3] Retrospective studies 4, 5 of industrial injuries have identified manual material handling (MMH) as the most common cause of LBD. It is estimated that lifting and MMH account for 50% to 75% of all back injuries. 4 -6 Unfortunately our knowledge on the relationship between loads acting on the spine during lifting and the occurrence of disc injuries is not well defined. Understanding the mechanical response of the spine to various complex loading conditions that arise during manual lifting is necessary to understand the relationship between MMH and the associated risk of failure in various parts of the disc tissue.
Van Dieen et al 7 using 10 healthy male subjects suggested that the variability of spinal compression during lifting needs to be taken into account while designing lifting tasks. Davis and Marras 8 studied the contributing role of biomechanical, psychosocial, and individual risk factors among 60 college-aged individuals and concluded that the weight of the load is the most important factor when controlling compression forces during lifting. An epidemiologic case-control study done by Kelsey et al 9 showed that people in jobs involving lifting of objects weighing more than 25 lbs with the body twisted and knees not bent are at high risk for prolapsed lumbar discs. Marras et al 10 performed an in vivo study and concluded that by properly varying the lifting frequency, load moment, trunk lateral and twisting velocities, and trunk sagittal angle during occupational lifting, individuals can reduce the risk of lumbar disc injury. Videman and Nurminen 11 studied annular tears in relation to lifetime frequency of back pain and concluded that in early adulthood, the presence of annular tears is high in people with back pain. At retirement age, tears were practically unavoidable. Stokes and Iatridis 12 reviewed the literature on macromechanical factors that accelerate disc degeneration and concluded that any abnormal loading conditions can produce tissue trauma and/or adaptive changes that may result in disc degeneration.
Adams and Hutton 13 showed that fatigue loading in compression and bending can cause gradual prolapse of the disc with the formation of radial fissures. Gordon et al 14 investigated disc prolapse under physiologically reasonable repetitive loads and found disc failure invariably occurred either through annular protrusion or nuclear extrusion through annular tears. Adams et al 15 applied controlled compressive load with moderate repetitive loading appropriate for simulation of light manual labor and found minor damage to the vertebral endplate that lead to progressive structural changes in the adjacent discs. Videman et al 16 examined the functional spinal units of 86 cadavers whose work and LBD history were known. They found increased degeneration in the spines of those specimens who had performed physically heavy work. The physiologic rotations and displacements that may place the disc at greatest risk for large tissue strains and injury were identified by Costi et al 17 using human intervertebral disc specimens. Lateral bending and flexion produced the highest physiologic maximum shear strain. Schmidt et al 18 using a finite element model of a lumbar motion segment concluded that the risks of disc failure and prolapse was particularly high in a load combination of lateral bending and axial rotation.
The literature fails to provide insight on the distribution of stresses in various components of the disc, which are essential to understand the relationship between load and disc injury. The aim of this investigation was to use a finite element model of a human lumbar disc that mimics as accurately as possible the biomechanics of an in vivo disc 19 and determine the biomechanical characteristics when common lifting activities are performed. The objective was to analyze the biomechanics of a lumbar disc under 8 different lifting conditions and identify the most hazardous type of loading with regard to damage to the disc. The hypothesis is that more damage to the disc will occur due to asymmetric lifting tasks than in symmetric lifting.
Methods
The geometric shape of a lumbar motion segment was generated from a serial computed axial tomographic scan (CT) of an L4 -L5 disc body unit. Using this CT scan a 3-dimensional finite element model was generated for the motion segment ( Figure 1 ) consisting of vertebra-disc-vertebra unit using a CAD station. The cortical bone, cancellous bone, posterior elements, endplates, facet cartilage, and nucleus pulposus were modeled as 8-node, 3-dimensional, isoparametric elements. The left and right superior and inferior articulating surfaces of the facet cartilage were approximated by flat trapezoidal moving frictionless contact surfaces. In the intervertebral disc, the annulus matrix was assumed as a composite material consisting of fibers embedded in a homogenous matrix material. The matrix was discritized by 8-node, 3-dimensional elements. The annular fibers were assembled in a criss-cross fashion at an angle approximately 30°to the transverse plane and were modeled as 2-node, nonlinear truss elements that reacted to tension only. The normal nucleus, which is a gelatinous material, was represented by 3-dimensional fluid elements. The 7 major ligaments were modeled by 2-node nonlinear cable elements and their attachment points were taken directly from the literature. This existing L4 -L5 lumbar motion segment model was modified 19 to include physiologic parameters such as swelling pressure and the effect of change in permeability of the disc tissues due to strain in addition to conventional poroelastic parameters such as pore pressures. The analyses were conducted using a commercially available software ADINA. 20 Detailed description of the finite element model in terms of types of elements used and description of properties of materials associated with various components in the disc-body-disc unit have already been published 21, 22 and hence only a brief summary will be presented here. The effect of change in proteoglycan concentration within the disc tissue that occurs due to fluid flow in and out of the disc created by externally applied load was characterized in the model by the inclusion of a pressure P swell . Change in the size of the pores in the disc tissue due to externally applied load, which affects the fluid flow in and out of the disc tissue, was included in the model by an additional pressure term P permeability . The model was further refined 22 by including variations in proteoglycan concentrations from the outer annulus to the inner annulus and in the nucleus, as well as the variation of the porosity, permeability, and aggregate modulus within the disc tissue.
To show the level of validation achieved by this model, 3 different analyses were conducted using this model: long-term creep compression (circadian variation), short-term creep compression, and short-term cyclic loading. Diurnal changes in total stature obtained from the poroelastic finite element model were compared with changes in total stature measured on 8 young adults and available in the literature, 23 and the results were similar. Percent loss of total stature predicted by the current FEM was also compared for short-term creep and cyclic loading with in vivo results 23 and again the results were similar. 22 Total stature changes at the end of short-term loading and unloading and short-term cyclic loading were within 4% of the corresponding in vivo measurements. Similar close comparison of results was observed during calculation of circadian variation of lumbar disc height. Details on the validation of the current model are available in our recent publication. 22 The load data used in the current study were obtained from a series of 48 lifts performed by each subject: eight subjects performed all 8 lift activities shown in Table 1 6 times. For each task, a 30 lb box (13.6 kg) was lifted. Thirty pounds (13.6 kg) was selected as it is close to the mean item weight in a grocery distribution center. The first 2 lifts served as practice to ensure that the desired motions were produced. After a short rest period, the participants were asked to lift the object 4 times at a normal work pace. A muscle optimization model using EMG and kinematic data collected in our lifting laboratory was used 24 to calculate spinal loads as a function of time. While performing a specific lift activity, considerable variability in the muscle recruitment pattern can be expected among the participants. Based on our previous EMG testing, for a specific lift activity, it was possible to identify the most representative mus- cle force pattern for use in the model study. A single individual's force data were selected for the specific lift activity by randomly sampling from the pool of individuals that used the most frequently observed muscle force pattern. The force data were used in the finite element analyses. The time history data of spinal loads were input into the poroelastic finite element model to determine the biomechanics of the disc during the 8 specific lifting activities considered in this study.
The task begins with the subject in an upright neutral posture. The compression force at the beginning of the trial represents the body weight and any compressive forces induced by the nominal trunk activity used to maintain the standing posture. Maximum shear force of 150 N was observed acting along the lateral direction ( Figure 2A ) except during Task 5. During Task 5, which involves lateral bending of the trunk, a maximum lateral shear of 750 N was observed (Figure 2A ). In almost all lifting conditions, maximum shear force along the anterior-posterior direction ( Figure 2B ) varied from 250 to 500 N. During lifting Tasks 2 and 5, maximum compressive force of 4500 N on the motion segment was observed ( Figure 2C) . In all the other lift conditions, maximum compressive force varied from 2000 to 3000 N.
Results for disc displacements and corresponding rotations in all the 3 principal directions were determined during the entire duration of lift activity. Effective stresses in the annular portion of the disc, stresses in the nucleus, annular fiber stresses, endplate stresses, and facet forces were obtained from the finite element model study for all 8 lift conditions.
Results
In all lifting activities, motions were largest at the point where the load on the spine was the greatest. A comparison of this maximum biomechanical response between different lifting activities will be presented here. The lifting activity that required lateral bending of the trunk (Task 5) produced the largest disc translational as well as rotational motions (Figures 3 and 4) . The smallest translational and rotational motions of the disc were predicted during a lifting activity that involved lifting with an upright trunk posture (Task 1). Task 5 produced 6.4 mm disc compression followed by 5.6 mm disc compression during the lift activity that required extension from flexed posture (Task 2). All the other tasks produced much smaller compression (varied from 2 to 3 mm). Shear motion of the disc directed along the right lateral direction was 4.0 mm for Task 5, whereas a much smaller shear motion was seen during all the other lift activities (0.5 mm for Tasks 1, 3, 6, 7, and 8 and 1.8 mm for Tasks 2 and 4). Anteriorly directed shear motion was 2.2 mm for Tasks 2 and 5 and 1.6 mm for Tasks 4, 6, and 7. A flexion motion of 10.0°was seen during Task 5, whereas Task 2 produced a much smaller flexion of 5.8° (  Figure 4 ). Tasks 4, 6, and 7 produced a flexion motion of 4.0°. All the other lifting tasks produced less than 1°of flexion/extension motion. Maximum torsional motion (4.4°) of the disc once again occurred during Task 5. All the other lift activities produced either 1.0°or much smaller torsional motion in the disc. Lateral bending rotation of the disc was highest in Task 5 (4.0°). All the other lift activities produced less than 1.0°of lateral bending.
In all 8 lift activities considered here, maximum von Mises stress occurred at the interface between the annu- Extension from flexed posture and twisting
Compression, flexion moment, torsional moment Subject lifts box from knee level while flexed, swings box from one side to the other without moving feet, and places the box at knee level Task 7 Extension from flexed posture, twsitin, and lateral bending
Compression, flexion, lateral bending, and torsional moments Like task 6, the subject lifts box from knee level while flexed, swings box from one side to the other without moving feet, and places the box at knee level. In this test, the initial and final hand positions are adjusted so that lateral bending is required Task 8 Extension from upright posture and twisting
Compression, extension and torsional moments Box is lifted from elbow height and placed to the side at the subject's upper reach limit lus and the inferior endplate of the motion segment. Lifting the box from a maximally laterally flexed posture up to waist level (Task 5) produced the highest von Mises stresses in all disc tissues, annulus, nucleus, and endplates. A maximum von Mises stress of 6.5 MPa was observed ( Figure 5 ) all along the outer circumference of the posterior portion of the annulus in Task 5. Lifts involving extension of the torso from flexed to upright Stresses at interface between the annulus and endplate were studied to find out whether any of these 8 lifting modes can cause rim lesions. In all the lift cases, maximum shear stress occurred in the annulus at the interface between inferior endplate and annulus. Lifting that involved lateral bending of the trunk (Task 5) produced a shear stress of 3.0 MPa all along the posterior edge of the annulus ( Figure 6 ). All the other lifting tasks produced a maximum shear stress in the annulus material varying between 1.0 and 2.0 MPa. Stresses in the annular fibers were also highest in the task that involved lateral bending of the trunk (Task 5) (Figure 6 ). Maximum stress (4 MPa) occurred in fibers located in the anterior and posterior quadrants of the disc during Task 5. Annular fiber stresses between 1.0 and 2.0 MPa were calculated during all other lifting tasks and they occurred mostly in the outer annular fibers.
The largest facet forces were calculated at the time when the load reached its peak value for all 8 lift cases considered (Figure 7 
Conclusion
An attempt has been made in the current study to compare the relative motions of a lumbar disc and the associated stresses within the disc during various types of lifting activities. A quantitative comparison of stresses Figure 6 . Maximum fiber stress and maximum shear stress in the annulus in the L4/5 disc tissues at peak load corresponding to the 8 lift conditions studied. Highest shear stress in the annulus and stress in the fiber was seen under Task 5. induced in the disc components is presented here only to arrive at a qualitative conclusion about which type of lifting is potentially most hazardous to the lumbar spine.
FEM analyses showed that of all 8 lift conditions considered, the task that involved lateral bending of the trunk (Task 5) produced the highest resultant disc deformations (translation of 8.1 mm and rotation of 11.6°). The lifting task that involved extending the trunk from a flexed posture (Task 2) produced the second highest resultant disc deformations (6.4 mm translation and a rotation of 5.8°). Given the failure strength of the disc tissue, a task that involves asymmetric bending of the disc might cause macromechanical tears 12 (because of high disc deformation) if the task was repeated over a long period of time. This could initiate or accelerate the process of disc degeneration. Task 5, therefore may increase the risk of disc injury. This result supports the conclusions reached by Marras et al 10 who found that the risk of occupationally related LBDs was associated with work that required frequent and large sagittal flexion angles.
The annulus can be considered as a composite material. This type of laminated structure requires matrix cracking, delamination, and fiber failure before the whole tissue fails. 12 In this study, lifting Task 5 produced the highest von Mises stress (6.5 MPa) in the annular matrix followed by a stress of 4.5 MPa during lifting that involved sagittal bending (Task 2). Annular failure strength has been reported to vary widely from 3.6 to 10.3 MPa. 25 Task 5 produces stresses sufficiently high to start local yield failure (matrix cracking) in the matrix material. If this lift is performed several times in a repetitive lifting activity over a long period, yielding of the matrix material can propagate.
Animal studies have shown that when rim lesions were introduced in the annulus, progressive failure of the inner annulus was observed. 26 Further from a macroscopic study on lumbar motion segments originating from regular autopsies it was found 27 that rim lesions exist due to age-related changes. To determine whether any of the lift conditions performed repetitively over a long period of time can induce such rim lesions, maximum shear stresses in the annular matrix produced by the 8 lift conditions were studied. The maximum shear stress (0.8 to 3.0 MPa) was higher than the shear failure stresses (which range from 0.4 to 1 MPa). 28 The highest shear stress value of 3.0 MPa was seen all along the posterior edge of endplate-annulus interface during asymmetric lifting (Task 5). Thus, Task 5 might induce rim lesions.
The maximum stresses in the annular fibers varied from 0.5 to 4 MPa over the 8 lift conditions. These stress levels are quite small compared with the failure stress that varies from 62 to 110 MPa, 25 and thus none of the lifting modes is likely to cause annular fiber fracture.
Perey 29 and Lotz et al 30 have experimentally shown that fracture of endplates can occur at stress levels of 3 to 4 MPa. In the current study, maximum stresses in the endplate varied from 3 to 6 MPa indicating high probability of fracture of endplates in almost all 8 lift conditions considered here when such lifts are repeated over a long period of time.
The maximum predicted facet forces varied from 200 to 350 N under lift conditions 2, 4, 5, 6, and 7. Wilson et al 31 have measured facet forces in a lumbar cadaver specimen under a moment load of 7.5 Nm and found that the loads varied from 55 to 110 N in axial rotation and 10 -50 N in extension. These values are consistent with findings from finite element analyses of Rohlmann et al. 32 The facet forces calculated under lift conditions studied here are 2 to 3 times higher than facet forces observed during normal daily activities. Large facet loads mean higher pressures on the cartilaginous layers of the facet joint that might initiate facet joint osteoarthritis or cause its progression. Current analyses showed that in particular tasks that involve sagittal bending (Task 2) or lateral bending (Task 5) of the trunk during lifting might induce high pressures in the cartilage layers of the facet surfaces and might lead to facet joint osteoarthritis over a period of time if such lifting activities are repeated.
Costi et al 17 found that lateral bending and flexion segmental motions produce physiologic maximum shear strain comparable with the known failure strain of disc tissues. This study also showed that physiologic lateral rotation of the motion segment may place the disc at greatest risk for large tissue strains and injury. Another recent analytical study by Schmidt et al 18 showed that disc failure and prolapse mostly occur under a load combination of lateral bending and axial rotation, which once again agree with the conclusions of this study.
In all 8 lift cases studied, flow of fluid between the nucleus and surrounding tissues predominantly occurred through the endplates, which is in agreement with data reported in the literature. 33 Asymmetric bending (Task 5) produced the largest amount of fluid exchange be- tween nucleus and endplates. If the fluid exchange channels between the nucleus and the endplates are restricted, as is the case with aging, higher intradiscal pressures might occur during the Task 5 lifting scenario causing the annulus to bulge further.
It is important to understand that the poroelastic finite element model used here is generic in nature and the various parameters used in defining the characteristics of the model have been taken from the literature. In general, these values might vary widely. The constitutive properties used in the current model study are assumed to be rate independent whereas during dynamic lifting such properties do change over time. Unfortunately, currently such rate-dependent material properties for various disc tissues are not available in the literature. Also, in the current study, the effect of complex loading arising from various lifting modes was studied using one isolated motion segment, and thus the effects of adjacent segments have been ignored. Other factors such as ligament prestrain and facet joint interaction between levels have also been ignored. However, the main aim of the current study was to compare the biomechanical response of a lumbar spine motion segment under 8 different commonly occurring lifting activities keeping all other model parameters such as geometry, material parameters, and boundary conditions the same in all these studies. Thus, the results from this model study will help to compare, on relative terms, the lumbar disc biomechanics of the various lift loading tasks. The current model includes regional variations of material properties that will also help to better predict the biomechanics of the lumbar disc under complex loading that involves flexion combined with lateral bending and twisting.
The model produced an overall prediction that compared well with data available in literature based on measurements taken using human volunteers in a laboratory setting for long-term creep (circadian variation), shortterm creep, and short-term cyclic loading. Currently, the model has not been validated for complex loading modes because no literature is available on the in vivo biomechanics of a lumbar disc under loading conditions such as those experienced during lifting.
The results suggest that the loading modes considered can cause local yield failure in the annulus and endplates. This conclusion was reached by comparing the stresses produced in these components under various loading modes with corresponding component failure stresses reported in the literature. It is important to note that the failure considered here is a localized phenomenon and it does not refer to total component failure. Further, these local tissue failures do get repaired with time, which has not been included in the current model analyses.
In conclusion, the current study suggests that asymmetric lifting involving lateral bending of the trunk may increase the risk of disc injury because it produced large translational as well as rotational motions in the lumbar motion segment. Higher stresses exceeding the failure strength of the corresponding disc tissues were predicted during asymmetric lifting. These stresses (1) might pave way for matrix cracking and interlaminar shear failure in the annulus and (2) cause localized fracture of endplates. Thus, asymmetric lifting might not only induce failure in various components of the disc tissue but also enhance its progression if this lift is performed over a large number of cycles.
Key Points
• Biomechanical response of the spine to loads that arises during manual lifting.
• Poroelastic finite element model study of a human lumbar disc subjected to 8 different lift conditions.
• Current study showed that asymmetric lifting involving lateral bending of the spine produced the highest stresses in the annulus and endplates and may cause macromechanical tears.
• Maximum shear stress in the annulus produced by asymmetric lifting and higher than the shear failure stress might induce delamination.
• High facet forces under asymmetric lifting might lead to facet joint osteoarthritis.
• Assymmetric lifting may increase the risk of back injury and pain.
